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Information  about  the  cobalt  electrodeposition  mechanism  at  different  pH  values  was  obtained  using  an 
electrochemistry  quartz  crystal  microbalance  (EQCM)  technique  as  well  as  potentiodynamic  and  potentio- 
static  techniques.  Potentiodynamic  and  potentiostatic  electrodeposition  of  ionic  cobalt  at  pH  5.40  occurs 
via  a  direct  reduction  mechanism.  The  mass/charge  relation  was  found  to  be  33.00  g  mol-1.  At  pH  2.70, 
electrodeposition  under  potentiodynamic  conditions  occurs  via  a  mechanism  of  cobalt  reduction  with  the 
formation  of  adsorbed  hydrogen.  Potentiostatic  analysis  verified  that  cobalt  reduction  occurs  simultane¬ 
ously  via  direct  reduction  and  with  the  formation  of  adsorbed  hydrogen.  The  ratio  mass/charge  (M/z)  is 
13.00  g  mol-1  for  potentiodynamic  conditions  and  26.00  g  mol-1  for  potentiostatic  conditions  and  poten¬ 
tiodynamic  conditions.  The  cobalt  electrodissolution  occurs  directly  to  Co2+  in  pH  2.7  and  through  of  the 
intermediary  Co+  that  is  oxidized  to  Co2+  in  pH  5.4. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Li-ion  batteries  were  brought  onto  the  consumer  market  by  Sony 
Corp.  in  the  early  1990s  [1].  Desirable  characteristics,  such  as  high 
energy  density,  low  auto-discharge  rate,  and  high  potential  dif¬ 
ference,  made  these  batteries  preferable  to  the  typical  Ni-Cd  and 
Ni-MH  batteries  for  many  applications.  Moreover,  Li-ion  batter¬ 
ies  are  less  harmful  to  the  environment.  For  Li-ion  batteries,  the 
main  materials  used  are  LiCo02  in  the  cathode  and  carbon  in  the 
anode  [2].  High  potentials  obtained  with  these  batteries  (approxi¬ 
mately  3.70  V)  hinder  the  utilization  of  aqueous  electrolytes  so  that 
a  mixture  of  lithium  organic  solvents  and  inorganic  salts  is  usually 
required. 

Li-ion  battery  production  has  been  continually  increasing  since 
the  1990s,  accompanying  the  consumption  growth  of  portable 
devices  (e.g.,  cellular  phones,  microcomputers,  and  toys).  World 
production  of  Li-ion  batteries  increased  from  250  to  700  million 
units  between  1998  and  2004  [3  ].  Residues  generated  by  Li-ion  bat¬ 
teries  remained  at  200-500  tons  year-1  from  2002  to  2006.  Cobalt 
constitutes  between  5  and  20%  (m/m)  of  this  residue,  while  lithium 
constitutes  2-5%  (m/m)  of  it  [3].  The  price  of  cobalt  increased  from 
$15  to  $54  per  kilogram  between  2003  and  2004  [4].  Li-ion  bat¬ 
tery  recycling  is  of  great  importance  for  environmental  protection; 


however,  economic  factors  should  also  be  considered.  In  the  USA, 
Japan,  France,  Germany,  and  Sweden,  battery  recycling  is  a  success¬ 
ful  practice.  For  these  regions  it  is  useful  to  study  the  established 
recycling  processes  of  Li-ion  batteries  [  5  ] .  The  spent  batteries  can  be 
recycled  by  pyrometallurgical  or  hydrometallurgical  processes.  The 
pyrometallurgical  process  is  not  desirable  due  to  the  emission  of 
toxic  gases  into  the  environment.  The  hydrometallurgical  process  is 
thus  more  favorable  from  an  environment  conservation  viewpoint. 
In  the  hydrometallurgical  process,  after  battery  dismantling  occurs, 
the  electrodes  are  dissolved  in  concentrated  acids.  After  this  stage, 
the  resultant  solution,  which  contains  metal  ions,  can  be  recovered 
in  one  of  three  forms:  precipitation,  extraction,  or  electrodeposi¬ 
tion.  Electrochemical  recycling  is  a  viable  process  to  produce  cobalt 
metallic  films,  alloys,  and  multilayer  deposits  with  controlled  struc¬ 
ture  and  morphology.  For  this  reason,  part  of  cobalt  electrochemical 
recycling  is  the  study  of  its  electrodeposition  mechanism.  In  order 
to  study  electrochemical  recycling,  it  is  necessary  to  analyze  the 
mechanism  of  cobalt  electrodeposition  at  different  solution  pH. 

The  production  of  metallic  cobalt  is  accomplished  predomi¬ 
nantly  via  electrodeposition  in  an  aqueous  solution  [6].  It  has 
been  suggested  that  cobalt  electrodeposition  at  pH  <4.00  occurs 
together  with  a  hydrogen  detachment  reaction  [6-12].  During  this 
electrodeposition,  a  rich  hydrogen  phase  can  be  adsorbed  in  the 
deposits,  as  represented  by  Eqs.  ( 1 )— (4): 

Ct)(aq)2+  +  2e  CO(S);  (1) 

H(aq)+  +  CO(S)  +  e  — ►  CoH(acjS),  (2) 
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H(aq)+ +  CoH(acjs)  +  e  C0(S)  +H2(ads)»  (3) 

Total  equation  :  Co(aq)2+  +  2H+  +  4e~  -y  Co(s)  +  H2(ads) .  (4) 

At  pH  >4.00,  the  electrodeposition  of  cobalt  occurs  via  Co(OH)2 
forming  in  the  interface  electrode  solution  (chemical  stage).  In 
the  cobalt  electrodeposition  process  the  interface  electrode  solu¬ 
tion  becomes  alkaline  due  to  the  water  reduction  (Eq.  (5)).  The 
local  alkalization  that  occurs  in  the  interface  electrode  solution  can 
provoke  the  precipitation  of  the  Co(OH)2  as  showed  in  Pourbaix 
diagram  (Fig.  1).  The  presence  of  cobalt  hydroxide  was  confirmed 
with  an  electrochemistry  quartz  crystal  microbalance  (EQCM)  tech¬ 
nique,  as  done  by  Matsushima  et  al.  [11  ]. 

H3BO3  was  added  to  the  cobalt  electrodeposition  solution  to 
avoid  pH  variations  in  the  interface  electrode  solution.  In  this  case, 
the  electrodeposition  of  cobalt  occurs  directly,  owing  to  Eq.  (1) 
[12].  Eqs.  (5)-(8)  describe  the  electrodeposition  process  through 
formation  of  a  cobalt  hydroxide  intermediate: 


2H20  +  2e  ->  20H(aq)  +  H2(g); 

(5) 

Co(aq)2+  +  20H(aq)“  ->■  Co(OH)2(s); 

(6) 

Co(OH)2(S)  +  2e-  CO(S) +  20H(aq)-; 

(7) 

Total  equation  :  CO(aq)2+ +  2H20  +  4e  -*  CO(s)  +  20H  +H2(g). 

(8) 


The  EQCM  technique  supplies  detailed  information  about  vari¬ 
ations  in  electrodeposition  and  electrodissolution  mass  for  fine 
films,  as  caused  by  oxidation  and  reduction  processes  [13-20]. 
According  to  Sauerbrey’s  equation,  frequency  variation  (Af)  of  the 
quartz  crystal  can  be  correlated  with  the  mass  variation  (Am)  and 
can  be  written  according  to  Eq.  (9): 


A f  = 


=  -  Am/C 


(9) 


where  /0  is  the  resonance  frequency  of  the  quartz  crystal,  A  is  the 
piezoelectric  active  area,  /z,  is  the  quartz  shear  modulus,  I<  is  the 
experimental  mass  coefficient,  and  is  the  density  of  quartz. 

The  current  work  is  a  continuation  of  previous  work  that  stud¬ 
ied  the  electrochemical  recycling  of  cobalt  from  the  spent  cathodes 
of  Li-ion  batteries  [8].  In  this  work,  a  greater  efficiency  for  cobalt 
electrodeposition  was  found  at  a  potential  equal  to  -1.00  V  at  all  pH 
values  tested  (1.50, 2.70,  and  5.40).  It  was  observed  that  the  charge 
efficiency  of  cobalt  electrodeposition  decreased  with  a  decrease  in 


the  pH  of  the  solution.  The  cobalt  nucleation  process  was  investi¬ 
gated  with  the  help  of  mathematical  models  proposed  by  Scharifker 
and  Hills  [21].  In  the  present  work,  the  electrodeposition  mech¬ 
anism  of  cobalt  thin  films  has  been  studied.  For  this  reason  the 
electrochemical  quartz  crystal  microbalance  technique  was  used 
together  with  potentiodynamic  and  potentiostatic  techniques  to 
obtain  information  about  the  electrodeposition  mechanism  for 
cobalt  from  the  cathodes  of  spent  Li-ion  batteries.  This  technique 
is  very  effective  in  the  study  of  the  mechanism  of  metal  electrode¬ 
position  for  thin  films.  However,  deviations  from  the  Sauerbrey’s 
equation  occur  for  thick  films.  The  study  of  the  electrodeposition 
mechanism  is  key  in  electrochemical  recycling  because  it  corre¬ 
lates  with  the  structure,  morphology,  and  properties  of  the  cobalt 
film.  The  current  work  aims  to  clarify  the  cobalt  electrodeposition 
mechanism  as  a  function  of  pH.  It  follows  then  that  the  study  of  the 
cobalt  electrodeposition  process  is  of  paramount  importance  in  the 
electrochemical  recycling  of  cobalt. 

2.  Experimental 

2.1  Electrodeposition  solution  preparation 

Li-ion  batteries  were  manually  dismantled  and  physically  sepa¬ 
rated  into  their  different  parts,  including  the  anode,  cathode,  steel, 
separators,  and  current  collectors.  Electrodes  were  dried  at  80  °C 
for  24  h  and  then  washed  in  distilled  water  at  40  °C  for  1  h  under 
agitation  to  eliminate  organic  solvents,  propylene  carbonate  (PC), 
and  ethylene  carbonate  (EC).  This  procedure  also  facilitates  the 
detachment  of  active  material  from  the  respective  current  collec¬ 
tors.  Active  material  was  filtered,  washed  with  distilled  water  at 
40  °C  to  remove  potential  lithium  salts  (e.g.,  LiPF6  and  LiCl4)  and 
Cu  (from  anode  current  collector),  and  then  dried  in  air  for  24  h.  A 
total  of  9.17  g  of  positive  electrode  material  was  dissolved  in  a  solu¬ 
tion  containing  470.00  ml  of  HC1 3.00  mol  l-1  and  30.00  ml  of  H202 
(30%,  v/v).  This  system  was  maintained  under  constant  magnetic 
agitation  at  80  °C  for  2h.  Cathode  dissolution  efficiency  increases 
with  increasing  acid  concentration  and  temperature.  The  addition 
of  H202  was  necessary  to  increase  cathode  dissolution  efficiency 
[22].  H202  reduces  cobalt  from  a  +III  oxidation  state,  which  is  insol¬ 
uble  in  aqueous  systems,  to  a  +11  oxidation  state,  which  is  soluble 
in  aqueous  systems.  For  an  active  material  consisting  of  LiCo02,  the 
cathode  dissolution  reaction  is  represented  by  Eq.  (10): 

LiCo02(S)  4- 1  /2H202(i)  +  3HCl(aq) 

CoCl2(aq)  +  l/202(g)  +  LiCl(aq)  +  2H20(i)  (10) 

The  cathode  composition  was  found  to  be  LiCo02,  Co304,  Al,  and 
carbon  [8].  The  cathode  can  be  contaminated  with  electrolyte  or 
anode  material.  Therefore,  the  leaching  solutions  used  were  char¬ 
acterized  by  atomic  absorption  spectroscopy  (AAS)  to  detect  the 
presence  of  lithium,  copper,  and  cobalt.  The  cobalt  and  lithium 
concentrations  were  both  equal  to  0.10 moll-1.  The  ionic  copper 
concentration  was  not  detected.  The  ionic  lithium  does  not  influ¬ 
ence  the  cobalt  electrodeposition  because  its  reduction  occurs  at  a 
more  cathodic  potential  (-3.02  V).  Solutions  were  buffered  using 
H3BO3  at  0.10 moll-1  to  maintain  the  electrodeposition  bath  pH. 

2.2.  Electrochemistry  quartz  crystal  microbalance  measurements 

For  ECQM  Experiments,  a  50.0  ml  Pyrex®  cell  was  used.  The 
cover  was  made  of  Teflon®  and  included  holes  for  the  introduc¬ 
tion  of  saturated  Ag/AgCl/NaCl  reference  and  platinum  auxiliary 
electrodes,  with  a  geometric  area  of  0.50  cm2.  The  working 
electrode  was  introduced  at  the  bottom  of  the  cell.  Working  elec¬ 
trodes  were  composed  of  quartz  crystal  covered  with  platinum  of 
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Fig.  2.  (a)  Cyclic  voltammograms  curves,  cobalt  concentration  of  0.10 moll-1,  pH 
5.40  and  2.7,  H3B03  0.10  mol  l-1  as  buffer.  The  potential  scan  rate  was  20.00  mV  s-1 . 
(b)  Variation  of  M/z  as  a  function  of  potential. 

fundamental  frequency  of  9.00  MHz  (SEIKO)  and  had  a  geomet¬ 
ric  area  of  0.20  cm2.  The  platinum  electrode  was  cleaned  with 
sulphonitric  solution  and  washed  with  dilutes.  Afterward,  it  was 
submitted  to  an  electrochemistry  cleaner,  which  consisted  of  suc¬ 
cessive  platinum  oxidation  and  reduction  cycles  in  a  solution 
of  H2S04  0.10 moll-1  until  characteristic  cyclic  voltammograms 
curves  of  the  platinum  in  acid  were  obtained. 

EQCM  measurements  were  accomplished  simultaneously  with 
potentiodynamic  and  potentiostatic  studies.  For  potentiodynamic 
measurements,  the  initial  potential  was  0.00  V,  where  no  reaction 
occurs  at  the  electrode,  and  the  final  potential  was  -1.00  V.  A  scan 
rate  of  20.00  mV  s-1  was  used.  Potentiostatic  measurements  were 
made  by  applying  a  potential  jump  from  -0.10  V  (no  reaction  at  the 
electrode)  to  -0.90  or  -1.00  V.  The  system  was  polarized  for  30  s  at 
these  potentials. 

EQCM  measures  were  performed  using  a  Quartz  Crystal  SEIKO 
EG&G  model  QCA917  microbalance.  This  was  coupled  to  a  PAR 
model  263A  power  supply.  The  system  was  managed  using  M270 
software  from  EG&G  EVEN.  The  frequency  measures  conversion  in 
mass  variation  was  made  with  base  in  Sauerbrey’s  equation  (Eq. 
(9)).  A  sensibility  coefficient  of  858.80  [xgHz-1  was  used. 

3.  Results  and  discussion 

3.1  Potentiodynamic  and  electrochemistry  quartz  crystal 
microbalance  measurements 

Measurements  of  the  potentiodynamic  electrodeposition  of 
cobalt  coupled  to  the  EQCM  technique  are  shown  in  Fig.  2.  The 
voltammograms  curves  for  two  different  pH  solutions  (2.70  and 
5.40)  with  a  scan  rate  of  20mVs-1  appear  in  Fig.  2a.  Correspon¬ 
dent  mass  variations  on  the  working  electrode  are  represented  in 


the  inset  of  Fig.  2b.  Upon  analysis  of  the  voltammogram  curve  for  a 
pH  2.70  solution  (Fig.  2a),  during  the  scan  through  negative  poten¬ 
tials,  no  processes  were  observed  until  a  potential  of  -0.34  V  was 
reached.  From  this  potential,  an  increase  in  current  density  was 
observed,  reaching  a  maximum  value  of  -0.46  V.  As  shown  in  the 
inset  of  Fig.  2b,  however,  no  mass  variation  was  observed  until  a 
potential  of  -0.75  V  was  achieved.  From  this  potential,  the  current 
density  increased  quickly  prior  to  reaching  the  inversion  potential 
(-1.00  V),  which  was  followed  by  a  mass  increase  on  the  platinum 
electrode.  The  voltammogram  curve  obtained  for  cobalt  electrode¬ 
position  in  a  pH  5.40  solution  presents  similar  behavior;  however, 
during  the  cathodic  scan,  the  current  density  begins  to  increase 
at  -0.70  V.  At  this  potential,  cobalt  deposition  onto  the  platinum 
electrode  was  initiated,  as  shown  in  the  mass  variation  profile  of 
platinum  (inset  of  Fig.  2b).  Current  density  increased  continually 
until  -1.00  V,  due  to  the  proton  discharge  reaction  that  occurs 
simultaneously  with  metallic  cobalt  deposition. 

To  study  the  cobalt  electrodeposition  mechanism,  a  curve  of 
mass/charge  (M/z)  as  a  function  of  the  potential  was  constructed 
for  the  both  solutions  (Fig.  2b).  Experimental  M/z  values  were  com¬ 
pared  with  theoretical  values  obtained  for  mechanisms  of  more 
probable  reactions,  such  as:  (i)  the  direct  electrodeposition  reac¬ 
tion  of  cobalt  (Eq.  (1)),  (ii)  the  deposition  reaction  of  metallic 
cobalt  with  adsorbed  hydrogen  (Eq.  (4)),  and  (iii)  the  reduction  of 
cobalt  from  Co(OH)2  (Eq.  (8)).  The  theoretical  M/z  values  for  reac¬ 
tions  (i)  through  (iii)  were,  respectively,  29.50  g  mol-1  (MCo2+/2e- ; 
Eq.  ( 1 )),  15.25  g  mol-1  (MCo2+  +  2H+/4e- ;  Eq.  (4)),  and  14.80  g  mol-1 
(MCo2+/4e-;Eq.(8)). 

Its  value  of  the  M/z  when  the  cobalt  is  being  deposited  with  100% 
efficiency,  i.e.,  without  any  other  parallel  process  on  the  surface 
of  the  electrode.  If  electrochemical  processes  occur  with  parallel 
chemical  processes  as  for  example  with  deposit  of  mass  by  pre¬ 
cipitation,  the  ratio  M/z  will  be  higher  value  than  theoretical.  If 
electrochemical  process  occur  with  lower  or  no  mass  change,  the 
experimental  M/z  will  be  lower  than  the  theoretical  value  for  the 
reaction  considered. 

From  Fig.  2b,  it  was  observed  that  experimental  M/z  values 
obtained  during  cobalt  electrodeposition  in  a  solution  of  pH  5.40 
moved  toward  a  value  of  32.00  g  mol-1  as  the  deposition  advanced 
in  the  cathodic  direction.  This  result  suggests  that  deposition  is 
occurring  in  agreement  with  Eq.  (1 ).  Already  at  pH  2.70,  M/z  values 
tended  toward  a  value  of  13.00  g  mol-1 . 

This  result  suggests  that  cobalt  electrodeposition  might  be 
occurring  via  the  formation  reaction  of  Co(OH)2  or  by  the  mecha¬ 
nism  of  adsorbed  hydrogen.  As  observed  by  Matsushima  et  al.  [11  ], 
however,  the  formation  of  Co(OH)2  does  not  occur  in  solutions  of 
pH  <  2.70.  Therefore,  the  decrease  in  observed  M/z  values  might  be 
associated  with  the  formation  of  adsorbed  hydrogen.  This  reaction 
occurred  in  solutions  with  pH  <2.70  when  H3BO3  was  added  as  a 
buffer  to  prevent  local  pH  variations  in  the  solution.  Experimental 
M/z  values  were  lower  than  theoretical  values  owing  to  the  hydro¬ 
gen  reduction  reaction,  which  decreases  the  efficiency  for  cobalt 
electrodeposition. 

The  voltammograms  curves  for  cobalt  electrodissolution  at  both 
analyzed  pH  values  are  shown  in  Fig.  2a.  According  to  Soto  et  al.  [23  ], 
peak  I  can  be  associated  with  cobalt  oxidation  containing  hydrogen- 
rich  phase.  The  shoulder  of  current  II  can  be  related  with  cobalt 
electrodissolution  without  adsorbed  hydrogen. 

Turning  to  the  anodic  scan,  cobalt  deposition  continues  until 
reached  the  potential  of  -0.1  V,  when  is  observed  a  current  peak  due 
to  the  cobalt  electrodissolution  (Fig.  2a).  In  Fig.  2b  is  observed  that 
the  ratio  M/z  increase  to  60.00  g  mol-1.  That  resulted  indicate  that 
the  metallic  Co  electrodissolution  occurs  through  a  formation  of  an 
intermediary  Co1+  in  the  interface  metal  solution.  In  the  following 
stage,  the  Co+  is  oxidized  to  Co2+,  as  can  be  see  in  Eq.  (11).  Finally, 
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at  potential  more  positive  than  0.100  V,  the  metallic  cobalt  film  is 
dissolved  and  the  ratio  M/z  attains  the  starting  value.  This  behavior 
also  was  observed  by  Martin  et  al.  [24]. 

CO(s)  — >  CO(aq)+  +  H2O  CO(aq)+2  +  OH(aq)  +  0.5H2  (11) 

3.2.  Potentiostatic  and  electrochemistry  quartz  crystal 
microbalance  measurements 

Chronoamperogram  plots  and  the  corresponding  variations  of 
M/z  as  functions  of  time  are  shown  in  Fig.  3.  In  this  case,  the 
potentiostatic  electrodeposition  of  cobalt  in  a  pH  5.40  solution, 
with  -0.90  V  applied  potential,  presented  a  similar  behavior  in 
comparison  with  potentiodynamic  electrodeposition.  M/z  values 
for  deposition  in  this  pH  5.40  solution  tended  towards  a  value 
of  33.00  g  mol-1,  which  corresponds  to  the  cobalt  direct  elec¬ 
trodeposition  mechanism  (Eq.  (1)).  For  electrodeposition  in  a 
pH  2.70  solution,  M/z  values  were  already  near  10.00  g  mol-1  at 
the  initial  deposition  stage.  The  M/z  relation  continued  increas¬ 
ing  as  the  deposition  advanced,  reaching  22.00  g  mol-1  by  the 
end  of  the  electrodeposition.  The  M/z  value  for  cobalt  reduc¬ 
tion  at  pH  2.70  was  intermediary  between  direct  reduction 
(M/z  =  29.50  g  mol-1 )  and  reduction  together  with  adsorbed  hydro¬ 
gen  formation  (15.25 gmol-1).  This  result  demonstrates  that,  in 
some  electrode  regions,  the  direct  reduction  reaction  occurs  and 
that,  in  others,  the  cobalt  reduction  reaction,  with  adsorbed  hydro¬ 
gen  formation,  occurs. 

Behavior  similar  to  that  shown  in  Fig.  3  was  also  observed  for 
potentiostatic  electrodeposition  (-1.00V),  which  is  presented  in 
Fig.  4.  In  this  case,  M/z  values  remained  near  33.00  g  mol-1  through¬ 
out  electrodeposition  in  a  pH  5.40  solution.  For  the  pH  2.70  solution, 
M/z  values  began  at  approximately  12.00 gmol-1  and  continued 
increasing  up  to  a  value  of  26.00  g  mol-1  at  the  end  of  the  process. 
This  M/z  can  be  explained  using  simultaneous  mechanisms,  includ¬ 
ing  the  direct  reduction  reaction  and  the  cobalt  reduction  reaction, 
with  adsorbed  hydrogen  formation.  Comparison  of  M/z  values 
during  potentiostatic  electrodeposition  at  two  different  potentials 
(pH  2.70)  revealed  that  M/z  was  larger  when  the  deposition  was 
performed  at  a  more  negative  potential.  Thus,  the  potential  dis- 


Fig.  3.  (a)  Chronoamperogram  plots,  potential  applied  of  -0.90  V,  polarized  for 
30s  at  this  potential,  cobalt  concentration  of  0.10 moll-1,  pH  5.40  and  2.7,  H3BO3 
0.10  mol  l-1  as  buffer,  (b)  Variation  of  M/z  as  a  function  of  time. 


t(s) 


Fig.  4.  (a)  Chronoamperogram  plots,  potential  applied  of  -1.00  V,  polarized  for 
30s  at  this  potential,  cobalt  concentration  of  0.10 moll-1,  pH  5.40  and  2.7,  H3BO3 
0.10  mol  l-1  as  buffer,  (b)  Variation  of  M/z  as  a  function  of  time. 

placement  for  more  cathodic  values  increased  the  cobalt  reaction 
contribution  via  a  mechanism  of  direct  reduction  (Eq.  (1)). 

Results  obtained  for  potentiostatic  electrodepositions  suggest 
that,  at  pH  5.40,  cobalt  reduction  occurs  by  a  direct  reduction  mech¬ 
anism.  For  cobalt  electrodeposition  at  pH  2.70  and  in  the  presence 
of  the  hydrogen  detachment  reaction,  a  simultaneous  mechanism 
of  direct  reduction  and  cobalt  reduction  occurs. 

4.  Conclusions 

Using  an  EQCM,  verified  the  mechanism  for  cobalt  electrode¬ 
position  and  correlated  it  with  solution  pH  and  electrochemical 
conditions.  The  electrodeposition  mechanism  occurs  via  the  direct 
reduction  of  cobalt  (Eq.  (1 ))  for  a  pH  of  5.40  and  under  potentiody¬ 
namic  or  potentiostatic  conditions.  The  relation  value  M/z  for  cobalt 
electrodeposition  at  pH  5.40  under  potentiodynamic  and  potentio¬ 
static  conditions  was  equal  to  32.00  and  33.00  g  mol-1 ,  respectively. 

Potentiodynamic  electrodeposition  of  cobalt  at  pH  2.70  occurs 
via  the  mechanism  of  adsorbed  hydrogen,  and  M/z  values  tend 
towards  13.00 gmol-1.  The  experimental  M/z  relation  was  lower 
than  that  predicted  by  theory  due  to  the  hydrogen  reduction 
reaction,  which  decreases  the  cobalt  electrodeposition  efficiency. 
Cobalt  potentiostatic  electrodeposition  at  pH  2.70  occurs  via  simul¬ 
taneous  mechanisms  of  direct  reduction  and  cobalt  reduction  in 
the  presence  of  adsorbed  hydrogen.  The  M/z  value  was  larger 
for  depositions  accomplished  at  a  more  negative  potential.  This 
demonstrates  that  a  more  cathodic  potential  increases  the  direct 
cobalt  reaction  (Eq.  (1))  contribution  to  the  simultaneous  mecha¬ 
nism  of  direct  reduction. 

The  cobalt  electrodissolution  occurs  directly  to  Co2+  in  pH  2.7 
and  through  of  the  intermediary  Co+  that  is  oxidized  to  Co2+  in  pH 
5.4. 
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